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Parasympathetic innervation is critical for subman-
dibular gland (SMG) development and regeneration.
Parasympathetic ganglia (PSG) are derived from
Schwann cell precursors that migrate along nerves,
differentiate into neurons, and coalesce within their
target tissue to form ganglia. However, signals that
initiate gangliogenesis after the precursors differen-
tiate into neurons are unknown. We found that delet-
ing negative regulators of FGF signaling, Sprouty1
and Sprouty2 (Spry1/2DKO), resulted in a striking
loss of gangliogenesis, innervation, and keratin
5-positive (K5+) epithelial progenitors in the SMG.
Here we identify Wnts produced by K5+ progenitors
in the SMG as key mediators of gangliogenesis. Wnt
signaling increases survival and proliferation of PSG
neurons, and inhibiting Wnt signaling disrupts gan-
gliogenesis and organ innervation. Activating Wnt
signaling and reducing FGF gene dosage rescues
gangliogenesis and innervation in both the Spry1/
2DKO SMG and pancreas. Thus, K5+ progenitors
produce Wnt signals to establish the PSG-epithelial
communication required for organ innervation and
progenitor cell maintenance.
INTRODUCTION
Organogenesis requires integrated development of epithelial,
neuronal, mesenchymal, and endothelial cells. In the murine
submandibular gland (SMG), the epithelium receives signals
from two key signaling sources to coordinate epithelial morpho-
genesis (Knosp et al., 2012): the condensed mesenchyme into
which the epithelium invaginates and the parasympathetic
ganglia (PSG) that envelops the primary epithelial duct and de-
velops in parallel with the epithelium (Coughlin, 1975; Knox
et al., 2010). Signals from the PSG are required for the mainte-
nance of proximal K5+ progenitors, and reciprocal signaling
between the PSG and the epithelium is essential for neuronal
function and survival (Knox et al., 2010; Lombaert et al., 2013;DeveloNedvetsky et al., 2014). In the absence of epithelial-neuronal
communication, organogenesis and regeneration after irradia-
tion damage are impaired.
It was recently discovered that parasympathetic ganglia are
derived from peripheral Schwann cell precursors that migrate
along nerves to their target tissue to form both the glia and neu-
rons of the ganglia (Dyachuk et al., 2014; Espinosa-Medina
et al., 2014). Thus, the PSG in the SMG arises from Schwann
cell precursors that migrate along the chorda tympani and
differentiate into bIII-tubulin-expressing neurons (TUBB3+).
The next critical step in parasympathetic gangliogenesis occurs
when the PSG neurons coalesce around the primary duct to
form the ganglion and establish communication with the devel-
oping epithelium. Despite this critical need for neuronal-epithe-
lial signaling during organogenesis, the signals that induce
gangliogenesis and establish epithelial-PSG communication
are not known.
SMG organogenesis requires FGF signaling as deletion of
murine Fgfr2b or its ligand Fgf10 causes gland aplasia (DeMoer-
looze et al., 2000; Ohuchi et al., 2000), and mutations in human
FGFR2 or FGF10 result in gland aplasia or hypoplasia (Entesar-
ian et al., 2005; Milunsky et al., 2006). Key intracellular modula-
tors of FGF signaling are Sprouty (Spry) proteins, which act as
negative-feedback antagonists (Minowada et al., 1999; Tang
et al., 2011; Yu et al., 2011). Deletion of both Spry1 and Spry2
(Spry1/2DKO) in the lung increasesMAPK signaling downstream
of FGF10, which alters mitotic spindle angle and airway shape
(Tang et al., 2011). In addition, Spry1/2 are essential for normal
sensory innervation of the pharynx, and Spry1/2DKO embryos
have enlarged geniculate ganglia and reduced branchial innerva-
tion (Simrick et al., 2011). However, the mechanisms by which
Spry1/2 regulate parasympathetic gangliogenesis are unknown.
Wnt signals are also important for SMG organogenesis. Anal-
ysis of Wnt reporter mice shows that Wnt signaling initially local-
izes to the mesenchyme surrounding the E12 SMG epithelium
and the distal cap mesenchyme. At later stages (>E13.5) it local-
izes to the ductal epithelium where it is important for duct differ-
entiation: inhibition of Wnt signaling impairs duct differentiation,
whereas inhibition of FGF signaling, which increases Wnt activ-
ity, drives duct differentiation (Patel et al., 2011). In addition, in-
hibition of Wnt signaling early in development, when signaling
is restricted to the mesenchyme that includes the PSG, also im-
pairs branching morphogenesis (Ha¨a¨ra¨ et al., 2011). However,pmental Cell 32, 667–677, March 23, 2015 ª2015 Elsevier Inc. 667
Figure 1. Spry1/2 Are Required for Para-
sympathetic Gangliogenesis, Organ Inner-
vation, andK5+ProgenitorCellMaintenance
(A) In situ hybridization of wild-type E13 SMGs.
Scale bar, 50 mm.
(B) E14 Spry1/2DHet and Spry1/2DKO SMGs:
brightfield images and immunostaining for nerves
(Tubb3) and epithelium (Ep, E-cadherin). n = 52.
Scale bars, 100 mm.
(C) K5+ cells are in the epithelial duct (green, white
arrow) in E13 K5-venus SMGs. After 24 hr of cul-
ture, K5+ cells are in the ducts and end buds (white
arrows). Scale bars, 100 mm.
(D) Spry1/2DHet and Spry1/2DKO epithelia
cultured for 72 hr and immunostained for K5 and
K19. Scale bar, 25 mm. White boxes are shown at
high power below. n = 4. Scale bars, 50 mm.
(E) Immunostaining of E14 and E16 Spry1/2DHet
and Spry1/2DKO SMGs. E14 ducts immuno-
stained for K5, K19, and nerves (Tubb3). E16 end
buds immunostained for K5 (red) and epithelium
(Ep, E-cadherin). White arrowhead points to K5
cells in the Spry1/2DKO. n = 3. Scale bar, 100 mm.
See also Figure S1 and Table S1.the impact of loss of Wnt signaling on the PSG was not
investigated.
Here, we analyzed the SMGs in Spry1/2DKO embryos and
discovered a striking loss of parasympathetic gangliogenesis,
depletion of K5+ progenitors, and reduced epithelial Wnt expres-
sion and signaling. We hypothesized that secreted factors from
the primary epithelial duct may drive this process. Using a com-
bination of molecular techniques and ex vivo organ culture, we
identified that Wnt signals from K5+ progenitors in the ductal
epithelium promotes gangliogenesis, in part by inducing
neuronal proliferation and cell survival. Reducing Fgf10 gene
dosage in Spry1/2DKO embryos along with in utero Wnt acti-
vator treatment rescues gangliogenesis, organ innervation, and
K5+ progenitor cells. We propose that epithelial Wnt signals
are required for gangliogenesis and to establish PSG-epithelial
communication during organogenesis.668 Developmental Cell 32, 667–677, March 23, 2015 ª2015 Elsevier Inc.RESULTS
Epithelial Spry1/2 Are Required for
SMG Parasympathetic
Gangliogenesis
Spry1 and Spry2 are normally expressed
in the SMG epithelium, and genetic dele-
tion of Spry1/2 disrupts epithelial devel-
opment resulting in a wide primary duct
(white lines) and abnormal branching
morphogenesis (Figures 1A and 1B).
Strikingly, parasympathetic ganglia were
not observed in the Spry1/2DKO SMG
(Figure 1B). Consistent with this, microar-
ray analysis comparing Spry1/2DHet
(Spry1+/;Spry2+/) with Spry1/2DKO
SMGs showed that markers of parasym-
pathetic nerves, Vip, Tubb3, and Phox2b,
were reduced in the Spry1/2DKO (TableS1). However, condensed mesenchyme and TUBB3+ neurons
were present, indicating that neural crest migration and neuronal
differentiation still occurred (Figure 1B, arrowhead). Further-
more, sensory innervation of the tongue was not disrupted by
loss of Spry1/2 (Figure S1A), suggesting that parasympathetic,
but not distant, sensory ganglia were adversely affected.
K5+ progenitor cells are located in the primary epithelial duct
during early SMG development (E11.5-13) and then during later
development (E14 and E16) are located in both the ducts and
end buds (Figures 1C–1E). K5+ cells lie in the basal layer of the
epithelial duct; however, in the Spry1/2DKO the remaining K5+
cells become dispersed within a disorganized duct epithelium
(Figure 1D). Consistent with the PSG being required for progen-
itor maintenance, fewer K5+ cells were observed in E14
Spry1/2DKO SMGs compared with controls, and by E16, only
a small number of K5+ progenitors remain (Figure 1E, white
Figure 2. Ductal K5+ Progenitor Cells Ex-
press Wnt Ligands
(A) Immunostaining of E11.5-12.5 wild-type SMGs
for epithelium (Ep, E-cadherin) and nerves
(Tubb3). Arrowheads indicate axonal projections.
Scale bars, 100 mm.
(B) Immunostaining of Fgf10/ and Fgf10+/+
SMGs for epithelium, nerves, and endothelium
(PECAM), n = 10.White dotted lines outline the oral
epithelium (oral ep); arrows indicate nerves in the
adjacent tongue and oral epithelium. Scale bar,
50 mm.
(C) qPCR analysis of E12 epithelium and PSG,
graphed as a percentage of relative abundance.
n = 3.
(D) qPCR analysis of E13 epithelial ducts and end
buds, graphed as a percentage of relative abun-
dance. n = 3.
(E) qPCR analysis of E13 Spry1/2DKO SMGs
compared with Spry1/2DHet. n = 4. Note that one
out of four mutant samples had a low level of Vip
and Chat expression; the other three samples had
non-detectable expression.
(F) qPCR analysis of FACS sorted K5+ and K5
epithelial cells from K5-venus SMGs. n = 3 sepa-
rate FACS analyses.
Error bars show SD in (C) and (D). ANOVA, error
bars show SEM in (E) and (F). *p < 0.05; nd, not
detected. See also Figure S2.arrowheads). To confirm that loss of the PSG in the Spry1/2DKO
was not due to a role of Spry1/2 within the neural crest-derived
mesenchyme and nerves, we generated conditional Spry1/2
knockouts using Wnt1cre (Chai et al., 2000). In these mutants,
gangliogenesis, innervation of the SMG, and epithelial morpho-
genesis were not affected (Figure S2B). We confirmed that
Spry1/2 are required within the epithelium by generating condi-
tional Spry1/2 knockouts using both Shhcre and K14cre
(Shhcre;K14cre;Spry1/2fl/), which are expressed in 80 ± 4% of
epithelial cells. Deletion of Spry1/2 in80% of the epithelium re-
sults in a similar phenotype and disrupts PSG formation, associ-
ation with the duct, and innervation (Figure S1C).
Epithelial Development Is Important for Gangliogenesis
To determine the basis for the loss of parasympathetic ganglio-
genesis in Spry1/2DKO SMGs, we analyzed gangliogenesis be-
tween E11.5 (SMG initiation) and E12.5 in wild-type embryos. At
E11.5 the neural crest-derived TUBB3+ neurons coalesced near
the initial epithelial invagination (Figure 2A). However, by E12 a
ganglion was closely associated with the epithelial duct andDevelopmental Cell 32, 667–67axon bundles began extending toward
the single end bud at E12.5 (Figure 2A).
These observations suggest that the
epithelium may have a role in ganglia for-
mation. In support of this notion, ganglia
did not form in Fgf10/ embryos inwhich
the SMG epithelium does not develop
(Ohuchi et al., 2000). Instead, we
observed dispersed groups of TUBB3+
neuronal cells within and adjacent to the
condensed SMG mesenchyme contain-ing an endothelial cell plexus, similar to the neurons in the
Spry1/2DKO (Figures 2B and 1B). Thus, epithelial development
is important for SMG gangliogenesis.
As our results suggested that gangliogenesis is dependent on
the epithelium, we hypothesized that secreted signals from the
ductal epithelium were critical for ganglia formation. To identify
these signals, we performed microarray analysis on isolated pri-
mary duct and end bud epithelia at E13 and analyzed genes
expressed > 5-fold higher in the duct using the Molecular Signa-
tures Database and KEGG Pathways analysis (MSigDB at www.
broadinstitute.org). We identified the Wnt pathway as being the
most significant signaling pathway enriched in the duct (nine
genes; p value of 6.9 3 108). Wnts affect neural crest induction
and also neuronal differentiation in the CNS; however, their role
in parasympathetic gangliogenesis has not been characterized
(Dyer et al., 2014; Sauka-Spengler and Bronner-Fraser, 2008;
Wexler et al., 2009).
Expression of four Wnts—Wnt4, Wnt5b, Wnt7b, and
Wnt10a—was confirmed by qPCR to be enriched in wild-type
epithelium as compared with the PSG (Figure 2C), and all four7, March 23, 2015 ª2015 Elsevier Inc. 669
Wnts were more highly expressed in wild-type epithelial ducts
than the end buds (Figure 2D). Furthermore, the Wnt receptors
frizzled (Fzd) 1 and 2, a downstream target of Wnt signaling,
Axin2, and genes previously shown to be involved in SMG para-
sympathetic function (Knox et al., 2013; Nedvetsky et al., 2014),
Tubb3, Vip, and Chat, were abundant in the PSG, suggesting
secreted Wnts target neurons (Figure 2C).
We next measured Wnt expression levels by qPCR in Spry1/
2DKO SMGs, in which gangliogenesis does not occur. As ex-
pected, there was reduced expression of Wnt4, Wnt7b, and
Wnt10a in mutant SMG (40%–50%; Figure 2E), although
Wnt5b expression was not affected, suggesting it may not be
important for the mutant phenotype. Expression levels of the
FGF ligands Fgf7 and Fgf10 were not changed in the Spry1/
2DKO (Figure 2E). ReducedWnt signaling was further confirmed
by generatingSpry1/2DKO;Axin2Lacz embryos, where b-galacto-
sidase (bgal) expression and activity marks endogenous Wnt
signaling (Ha¨a¨ra¨ et al., 2011; Patel et al., 2011). In contrast to
control SMGs where bgal staining was within the mesenchyme
surrounding the duct, as well as in the distal mesenchyme (Patel
et al., 2011), we observed reduced bgal staining adjacent to the
SMG epithelial duct of the Spry1/2DKO;Axin2Lacz SMGs (Fig-
ure S2). In the Spry1/2DKO SMGs there was also reduced
expression of Tubb3 (80%–90%; Figure 2E), and Vip and Chat
were not detected. In addition, Krt5 was reduced by 50% (Fig-
ure 2E), consistent with the gangliogenesis defect seen in the
Spry1/2DKO SMGs (Figures 1B and 1C). In contrast, Krt19
expression was increased, suggesting the K5+ progenitors
may be differentiating to K19+ ductal cells, which is consistent
with the wide duct phenotype observed in the Spry1/2DKO
SMGs (Figures 1B and 1E).
Ductal K5+ Progenitors Produce Wnt Signals
Next we determined what epithelial cell type was responsible for
producing the Wnt ligands. Given Keratin5-expressing (K5+)
progenitor cells are localized to SMG duct in the area most
closely associated with ganglia formation and these progenitors
are reduced in the Spry1/2DKO along with Wnts, we predicted
that K5+ cells were the source ofWnt ligands. To test this predic-
tion, we used fluorescence-activated cell sorting (FACS) to
separate K5+ and K5 epithelial cells from E13 K5-Venus-ex-
pressing SMGs (Knox et al., 2010). The K5+ cells make up
14.9% of the SMG epithelial cells. qPCR analysis of Wnt
expression in the sorted cells confirmed that expression of the
four Wnts identified in our screen were enriched in K5+
compared with K5 epithelial cells: Wnt4 (3.6-fold), Wnt5b
(1.8-fold), Wnt7b (18.1-fold), and Wnt10a (11.8-fold) (Figure 2F).
These data identify the K5+ progenitors within the duct as the
major source of these Wnt ligands.
Wnt Signaling Promotes Neuronal Proliferation
and Survival in the PSG
Since Wnts are produced by the duct epithelium, we next tested
the functional response of parasympathetic neuronal cells to
Wnt ligands. First, we confirmed that Wnt signaling occurs in
the PSG by analyzing the PSG in Axin2LacZ Wnt-reporter mice.
Active WNT signaling in mesenchymal cells adjacent to the
SMG duct and in the cap mesenchyme had been previously re-
ported (Patel et al., 2011). We found bgal expression localized to670 Developmental Cell 32, 667–677, March 23, 2015 ª2015 Elsevierthe neuronal cell bodies of the PSG (Figure 3A), consistent with
our hypothesis that active Wnt signaling occurs within PSG neu-
rons. We also confirmed that the developing PSG neurons are
not post-mitotic and are still proliferating in response to endog-
enous signals in vivo up to E14 (Figure 3B). To directly test the
response of parasympathetic neuronal cells to Wnt signaling,
we measured changes in proliferation and cell death in isolated
E12 PSGs treated with recombinant Wnt4, one of the Wnt li-
gands expressed by K5+ progenitors in the duct (Figures 3C
and 3D). Wnt4 treatment of either intact E12 SMGs or isolated
PSGs in culture increased neuronal cell proliferation 3-fold as
measured by the number of phospho-histone H3 (PH3+) neurons
(Figures 3C and S3). Wnt4 also reduced neuronal cell death in
isolated PSG cultures by 35% compared with BSA-treated
controls (Figure 3D). Thus, Wnt signaling promotes both PSG
neuronal cell survival and proliferation.
Wnt Expression Is Negatively Regulated by MAPK-
Dependent FGF Signaling and Positively Regulated
by PI3K-Dependent Neuregulin Signaling
Our results from the Spry1/2DKO SMGs suggest that increasing
FGF signaling antagonizes Wnt transcription and activity, similar
to findings in other organs (Mansukhani et al., 2005; Minor et al.,
2013). To investigate the mechanisms by which FGF signaling
antagonizes Wnt activity, we first treated E12 Axin2LacZ SMGs
with FGFs and confirmed that Wnt signaling decreased within
24 hr as shown by reduced bgal staining (Figure 4A). We then
used shorter times of FGF treatment (1, 2, 6, and 24 h) and
analyzed the timing of the reduction in Wnt expression (Fig-
ure 4B). Treatment of E12 SMGs with FGFs reduced expression
of Wnt4, Wnt7b, and Wnt10a (30%50%) within 6 hr (Fig-
ure 4B), whereas Wnt5b expression was not significantly
affected, similar to the Spry1/2DKO (Figure 2E). There was
50% reduction in Axin2 and Krt5 transcripts by 24 hr. In
contrast, Krt19 expression increased, suggesting Krt5+ cells
were differentiating, similar to the Spry1/2DKO. There was also
increased expression of Spry1 and Spry2, which are induced
by FGF signaling. Together, these data show that excess FGF
signaling in E12 SMG cultures mimics the in vivo deletion of
Spry1 and Spry2 and that FGF signaling rapidly reduces the
expression of the cohort of Wnts produced by the K5+
progenitors.
To further investigate the mechanisms by which FGF signaling
regulates Wnt expression and to identify the downstream
signaling pathways involved, we used isolated epithelia devoid
of mesenchyme and PSG. Isolated epithelia were treated for
4 hr with FGF10 (which allows the isolated epithelia to survive
in culture) and either an FGFR2b inhibitor (Fgfr2b-Fc, 25 nM), a
mitogen-activated protein kinase (MAPK) inhibitor (U0126,
20 mM), a phosphatidylinositol 3-kinase (PI3K) inhibitor
(LY294002, 25 mM), or an epidermal growth factor receptor
(EGFR) inhibitor (PD168393, 10 mM), which also inhibits other
ErbB receptors (Figure 4C). As predicted, inhibiting FGFR2b or
MAPK signaling in the SMG epithelia increased Wnt4, Wnt5b,
andWnt10a expression 3- to 6-fold within 4 hr (Figure 4C). Inter-
estingly, inhibition of EGFR or PI3K decreased Wnt4, Wnt5b,
Wnt7b, andWnt10a, suggesting thatWnt expression is positively
regulated by PI3K downstream of ErbB signaling (Figure 4C).
To investigate the ErbB regulation of Wnt expression in theInc.
Figure 3. Wnt Signaling Promotes Neuronal
Survival and Proliferation in the PSG
(A) Immunostaining on cryosections of an E12
Axin2lacz SMG for b-galactosidase (bgal) and
nerves (Tubb3). White dashed lines outline the
epithelium. Scale bar, 20 mm.
(B) Whole mount immunostaining of E12, E13, and
E14 SMGs for nerves and EdU to detect prolifer-
ating neurons in vivo. Graph depicts the quanti-
tative analyses of proliferation (percent of EdU-
positive neurons in the PSG). Scale bar, 5 mm.
(C) E12 PSGs cultured for 24 hr with BSA (control)
orWnt4 protein and immunostained for nerves and
phospho-histone H3 (proliferation) or caspase 3
(cell death). Scale bar, 10 mm.
(D) Quantitative analyses of proliferation and cell
death in cultured PSGs. n = 3.
Student’s t test, error bars showSD. *p < 0.05. See
also Figure S3.epithelium, isolated epithelia were treated with FGF10 and three
ErbB ligands that are involved in SMG epithelial development
(Kera et al., 2014; Miyazaki et al., 2004). The addition of HBEGF,
Tgfa, or Nrg1 alone shows that that they rapidly increase Wnt4,
Wnt5b, and Wnt10a expression within 4 hr (Figure 4D). Since
Nrg1 had the greatest inductive effect on Wnt expression, we
confirmed thatWnt expression was dependent on PI3K signaling
by co-incubating the isolated epithelia with the ErbB inhibitor
(PD) and PI3K inhibitor (LY) for 2 hr along with Nrg1 (Figure 4E).
Both PD and LY reduced the expression of Wnt4, Wnt5b,
Wnt7b, andWnt10a that was induced by Nrg1. LY also reduced
the expression of Wnt5b, Wnt7b, and Wnt10a below that in un-
treated epithelia. We confirmed by FACs analysis that the K5+
cells in E12 epithelia also expressed the ErbB receptors Egfr,
Erbb2, and Erbb3 (Figure 4F). To determine if ErbB signalingDevelopmental Cell 32, 667–67components were affected in the Spry1/
2DKO, we analyzed E13 SMGs by
qPCR; however, we did not detect any
changes inNrg1, Erbb2, or Erbb3 expres-
sion (Figure S4). Taken together, our
data show that MAPK-dependent FGF
signaling represses Wnt expression,
whereas PI3K-dependent ErbB signaling
upregulates it in salivary epithelium.
Inhibition of Wnt Signaling Disrupts
Gangliogenesis and Ganglion
Function
To assess the effects of reducing Wnt
signaling on gangliogenesis, we used
E11 mandible slice culture, which reca-
pitulates SMG initiation and gangliogene-
sis ex vivo. The mandible slices contain
the developing tongue, associated oral
epithelium, and mesenchyme. Within
48 hr of culture, the SMG epithelium initi-
ates within a condensed mesenchyme to
form a duct and end bud and gangliogen-
esis occurs, with subsequent axon exten-sion toward the end buds (Figures 5A–5C). Treatment with either
of two different Wnt signaling inhibitors, Dkk1 or XAV939, during
SMG initiation did not perturb the initial epithelial morphogenesis
or duct elongation; however, gangliogenesis appeared disrupted
as multiple small clusters of neurons were observed within
the mesenchyme (Figures 5B and S5). We also measured the
area of the PSG overlying the duct, axon number, and epithelial
end bud number (Figure 5C). By analyzing a projection of the
nerve and epithelial immunostaining, we show that 46% of
the PSG area overlays the duct in control SMGs and only
20%–30% of the PSG area overlays the duct with Wnt inhibitor
treatment (Figure 5C). Quantitation of the number of axons con-
tacting the epithelial buds and the number of end buds shows
a reduction in both axon and end bud number with XAV939
treatment and a similar, but not significant, trend with Dkk17, March 23, 2015 ª2015 Elsevier Inc. 671
Figure 4. Wnt Expression Is Negatively
Regulated by Fgfr2b Signaling and Upregu-
lated by PI3K Signaling Downstream of
ErbB Signaling
(A) E13 Axin2lacz Control or FGF-treated SMGs
stained with XGAL. n = 12. Blue arrows indicate
periductal Wnt signaling. Scale bar, 100 mm.
(B) qPCR time course of E12 SMGs treated with
FGFs. n = 3 experiments.
(C) Isolated E13 epithelia were treated for 4 hr with
400 ng/ml FGF10 and either an Fgfr2b inhibitor
(rFGFR2b-Fc, 25 nM), a MAPK inhibitor (U0126,
UO, 20 mM), a pan-ErbB inhibitor (PD168393, PD,
10 mM), or a PI3Kinase inhibitor (LY294002, LY,
25 mM). Gene expression ofWntwas normalized to
DMSO or rFGFR1b-Fc (a control for rFGFR2b-Fc).
Error bars show SEM.
(D) Isolated E13 epithelia were treated with 20 ng/
ml HBEGF, Nrg1, or Tgfa for 4 hr. Wnt expression
by qPCR was normalized to epithelia at 0 hr.
(E) Isolated E13 epithelia were treated for 2 hr with
20 ng/ml Nrg1 + PD (10 mM) or LY (25 mM) andWnt
expression measured by qPCR and normalized to
epithelia at 0 hr. ANOVA compared to Nrg1 treated
epithelia. None of the treatments affect morpho-
genesis within the 4 hr time points.
(F) qPCR analysis of FACS sorted K5+ and K5
epithelial cells from K5-venus SMGs confirm K5+
cells express multiple ErbB receptors. Egfr (p =
0.10), Erbb2 (p = 0.10), Erbb3 (p = 0.49). n = 3.
Error bars show SEM. Student’s t test compared
to BSA treated controls (B), rFGFR1b-Fc (C), and
K5 cells (F). ANOVA compared to DMSO (C),
epithelia at 0 hr (D), and Nrg1 treated epithelia (E).
*p < 0.05; **p < 0.01; ***p < 0.001. See also
Figure S4.treatment (Figures 5B and 5C). We also downregulated endoge-
nous Wnt expression with FGF stimulation, which mimics the
Spry1/2DKO (see Figure S2). Treatment with exogenous FGFs
(both Fgf7 and Fgf10) during SMG initiation results in a slight,
but not significant, increase in end bud number and a striking
loss of primary duct formation, most likely due to a disruption
of the discrete localization of FGF required to establish a
signaling gradient that is critical for duct elongation (Makaren-
kova et al., 2009). FGF stimulation also reduced the area of the
PSG overlying the duct and the axon number (Figures 5B, 5C,
and S5).
To determine whether Wnt signaling is also required to main-
tain association of the PSGwith the epithelium and PSG-mainte-
nance of progenitor cells, we treated intact E12.5 SMGs with
FGFs (Figure 5D). After 48 hr of FGF treatment, the PSG no
longer associated with the epithelium, and fewer axons
extended from the ganglion toward the end buds (Figure 5D).
In addition, ectopic buds formed on the duct, which was wider
than the duct in the control SMG (Figure 5D). Concomitant with
this reduced innervation was a reduction in K5+ progenitors
within the duct, whereas there was an expansion of K19 staining,
a marker of ductal differentiation (Figure 5D). Collectively, these
results indicate that Wnt signaling is required for gangliogenesis
and to sustain the association of the PSG with the duct, which672 Developmental Cell 32, 667–677, March 23, 2015 ª2015 Elsevierincreases epithelial innervation and subsequent maintenance
of undifferentiated K5+ progenitors.
Reducing FGF Gene Dosage Rescues Duct Formation
In Vivo
Based on these results, we predicted that reducing FGF gene
dosage in Spry1/2DKO embryos would lower FGF signaling,
rescue duct formation, and restore gangliogenesis. However,
removing a single copy of Fgf7 and/or Fgf10 in the Spry1/
2DKO (Spry1/2DKO;Fgf7+/, Spry1/2DKO;Fgf10+/, or Spry1/
2DKO;Fgf7+/;Fgf10+/) did not rescue parasympathetic gan-
gliogenesis and innervation, although duct formation was
rescued in Spry1/2DKO;Fgf7+/;Fgf10+/ SMGs (Figures S6A
and S6B). These data suggest that FGF signaling within the
epithelium is critical for duct formation, which is consistent
with the ability of isolated salivary epithelial explants to form
ducts in the absence of PSG in vitro. These data also suggested
that there was still insufficient Wnt activation to restore
gangliogenesis.
Increasing Wnt Signaling while Decreasing FGF Gene
Dosage Rescues Gangliogenesis In Vivo
We then predicted that in addition to reducing FGF gene dosage
in Spry1/2DKO embryos, we needed to activate Wnt signaling inInc.
Figure 5. InhibitingWnt Signaling Impairs Parasympathetic Ganglio-
genesis, Organ Innervation, and K5+ Progenitor Maintenance
(A) Whole mount brightfield images of a mandible culture time course. White
arrows indicate the developing SMG; white dashed line outlines the devel-
oping SMG epithelium. Scale bar, 200 mm.
(B) Immunostaining of control, Dkk1-, XAV939-, and FGF-treated mandible
cultures after 48 hr. Ep is epithelium (E-cadherin) and nerves (Tubb3); n = 5–6
for each group. Dashed lines outline SMG epithelium (white) and ganglia (red),
and white arrowhead points to the axons. Scale bar, 50 mm.
(C) Quantitation of the percentage of the PSG overlying the duct, the number of
axons contacting the end buds, and the total number of end buds for each
Develoutero, which would rescue gangliogenesis and K5+ progenitor
cells. To test this prediction, we treated pregnant mice with a
Wnt activator (CT99021) to target the Spry1/2DKO embryos.
Gangliogenesis and innervation were not improved when
Spry1/2DKO embryos were treated with a single in utero dose
of the Wnt activator alone (Figures 6A and 6B). However, using
the Wnt activator in combination with removal of a single copy
of Fgf10 to lower FGF signaling (Spry1/2DKO;Fgf10+/) rescued
gangliogenesis, innervation, and duct development (Figures 6A–
6C). The end bud number, the relative size of the PSG, and the
relative number of axons (normalized to epithelial area) were
increased in the Spry1/2DKO;Fgf10+/ SMGs treated with Wnt
activator as compared with both untreated and Wnt activator-
treated Spry1/2DKO SMGs (Figure 6C). Consistent with this
rescued innervation, K5+ progenitors were present in the ducts
of SMGs from Spry1/2DKO;Fgf10+/ embryos treated with Wnt
activator (Figures 6D and 6E). Addition of the Wnt activator
was essential since gene expression analysis of ‘‘rescued’’
Spry1/2DKO;Fgf10+/ embryos treated with Wnt activator re-
vealed Fgf10 was reduced, as expected since a copy of Fgf10
was deleted. Expression of the neuronal genes Vip and Chat
increased, although not completely to control levels (Figure 6E).
CT99021 treatment increased Vip expression to detectable
levels in 3/4 Spry1/2DKO mutant SMGs and 5/6 Spry1/
2DKO;Fgf10+/ SMGs. Chat was not detected in any of the
Spry1/2DKO mutant SMGs but was increased in 4/6 Spry1/
2DKO;Fgf10+/ SMGs (Figure 6E).Axin2 expression was slightly,
but not significantly, reduced in mutant and rescued glands,
which may be due to the relative increase in FGFR signaling,
similar to that shown in Figure 4B. Importantly, Wnt4, Wnt7b,
Wnt10a, and Krt5 expression increased to, or near, control levels
in the rescued SMGs (Figure 6E).
Parasympathetic ganglia innervate multiple organs during
development. Therefore, we tested whether Sprouty-dependent
Wnt signaling controls gangliogenesis in other organs such as
the developing pancreas. In the pancreas, parasympathetic
nerves control pancreatic b cell regeneration (Medina et al.,
2013), GDNF signaling is required for neural colonization in fetal
pancreas (Mun˜oz-Bravo et al., 2013), and deletion of GDNF fam-
ily members, or the co-receptor Ret, cause deficits in multiple
parasympathetic ganglia (Enomoto et al., 2000; Rossi and Airak-
sinen, 2002). In the wild-type E14 mouse pancreas, multiple
small clusters of intrapancreatic ganglia expressing the para-
sympathetic neuronal marker GFRa2 are interspersed
throughout the tissue (Figure 6F). Similar to the SMG, deletion
of Spry1/2 resulted in a dramatic reduction in pancreatic para-
sympathetic ganglia, suggesting that Sprouty-dependent Wnt
signaling pathways also control parasympathetic gangliogene-
sis and innervation in the pancreas (Figure 6F). Removing onemandible treatment group. n = 3. ANOVA compared to control, error bars show
SD. *p < 0.05; **p < 0.01.
(D) E12 control and FGF-treated SMGS: brightfield and immunostaining for
indicated markers. n = 25. Black brackets demarcate the width of the duct in
the brightfield images. Dashed white boxes indicate the region of the duct
imaged at 40Xmagnification in the lower panel; epithelial duct is outlinedwith a
white dashed line. Scale bars, 100 mm for low power images and 25 mm for high
power images.
See also Figure S5.
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Figure 6. Increasing Wnt Signaling while
Reducing FGF Signaling Rescues Ganglio-
genesis and Organ Innervation in the
Spry1/2DKO SMG and Pancreas In Vivo
(A) Brightfield images of E14 SMGs from embryos
treated with a single dose of CT99021 Wnt acti-
vator. Spry1/2DHet;Fgf7+/ (n = 7), Spry1/2DKO
(n = 4), Spry1/2DKO;Fgf7+/ (n = 5), Spry1/
2DKO;Fgf10+/ (n = 7). Scale bar, 100 mm.
(B) Immunostaining of SMGs pictured in (A) for
indicated markers. White dashed lines outline the
glands. Scale bar, 100 mm.
(C) Quantitation of end bud number, relative PSG
area and the number of axons normalized to
epithelial area. n = 3 for each genotype and
treatment.
(D) K5 immunostaining of SMGs pictured in (A).
Scale bar, 25 mm.
(E) qPCR analysis of CT99021 treated SMGs. n =
10 controls, 4 mutants, and 6 rescues for qPCR
analyses.
(F) Immunostaining of E14 Spry1/2DHet and
Spry1/2DKO pancreas for nerves (Tubb3) and
epithelium (Ep, E-cadherin). Scale bar, 50 mm.
Spry1/2DHet pancreas stained for nerves (Tubb3),
GFRa2, and nuclei (Hoechst). Scale bar, 10 mm.
Quantitation of innervation in CT99021 treated
Spry1/2DHet (n = 4), Spry1/2DKO, (n = 5), and
rescued Spry1/2DKO;Fgf10+/ (n = 5) pancreas.
ANOVA, error bars show SEM (D), SD. (E). *p <
0.05; **p < 0.01; nd, not detected.
See also Figure S6.copy of Fgf10 in combination with treatment with the Wnt acti-
vator (CT99021) also rescued pancreas gangliogenesis in vivo
(Figure 6F). Taken together, these data show that Spry1/2-
dependent Wnt signals are key regulators of parasympathetic
gangliogenesis during epithelial organ development.
DISCUSSION
Previous studies have shown that regulation of FGF signaling is
necessary for the establishment of cranial nerves. However, the
signals regulating gangliogenesis are not well understood (Ste-
venton et al., 2014). Here we show that Wnt signals from the
epithelium are necessary for formation of the PSG and that this
activity is antagonized by FGF signaling. Importantly, we identify
K5+ progenitor cells as the source of Wnt signals that promote
parasympathetic neuronal survival and proliferation, PSG forma-
tion, and gland innervation. Lastly, we demonstrate that the pro-
duction of Wnt ligands is inhibited by FGFR2b/MAPK signaling
and promoted through an ErbB/PI3K dependent pathway. As
such we provide a mechanism by which an organ andmore spe-
cifically progenitor cells regulate their own innervation that is
required for organogenesis (Figure 7).
Wnt signaling plays a key role in neural development and
patterning of both the central and peripheral nervous systems
(Mulligan and Cheyette, 2012). Based on our observation674 Developmental Cell 32, 667–677, March 23, 2015 ª2015 Elsevier Inc.that reducing epithelial Wnt signals im-
pairs gangliogenesis, we speculate that
neuronal-neuronal cell interactions withinthe PSG are also dependent on Wnt signaling. Wnt signaling can
increase cell-cell adhesion through the induction of molecules
such as L1CAM and NCAM (Gavert et al., 2005; Piloto and Schil-
ling, 2010). Furthermore, mutations in NRG1, which we show in-
creases WNT expression, and mutations in L1CAM or integrin
beta1 occur in patients with aganglionic megacolon or Hirsch-
sprung’s disease, also suggesting this may be a mechanism of
regulating gangliogenesis (Bergeron et al., 2013). Our findings
highlight the importance of bi-directional epithelial-neuronal
communication; reducing epithelial Wnt expression decreases
mesenchymalWnt signaling and impairs gangliogenesis, leading
to depletion of epithelial K5+ progenitors, which are essential for
gland morphogenesis.
Our study reveals an interaction between the epithelium and
coalescing neurons that is necessary for gangliogenesis. Unlike
for sensory gangliogenesis, where reciprocal signaling between
the neural crest cells and cranial placode cells is required for
gangliogenesis (Simo˜es-Costa and Bronner, 2013; Steventon
et al., 2014), we identify an essential role for the epithelium in
coordinating ganglia formation. However, it remains to be deter-
mined if some of the other signaling systems that guide sensory
gangliogenesis also occur during formation of the parasympa-
thetic ganglia. For example, sensory gangliogenesis involves
Robo2 expressed by placode cells and its ligand Slit1 expressed
by the neural crest (Shiau et al., 2008). Robo2-Slit1 signaling
Figure 7. Model of SMG Gangliogenesis
K5+ progenitor cells in the SMG duct produce Wnt ligands (Wnt4, 5b, 7b, and
10a), which signal to adjacent parasympathetic neuronal cells. Wnt signals
promote neuronal cell proliferation and survival, resulting in gangliogenesis,
association with the epithelial duct, and subsequent innervation. FGF signals
inhibit Wnt expression and signaling, and Sprouty1 and Sprouty2 are required
to restrict FGF signaling and allow Wnt expression. PI3K-dependent Nrg
signaling positively regulates epithelial Wnt expression within K5+ cells.
Subsequent ganglion function plays a key role in maintenance of K5+ pro-
genitors required for organogenesis.between neural crest and placode cells affects the cellular local-
ization N-cadherin to promote gangliogenesis (Shiau and Bron-
ner-Fraser, 2009). Whether this also occurs in parasympathetic
gangliogenesis remains to be explored.
Our finding that K5+ progenitor cells promote their own inner-
vation is similar to the KIT+ progenitor cells, another progenitor
population in SMG epithelial end buds, which produce neurturin
to maintain parasympathetic innervation (Lombaert et al., 2013).
These findings highlight the importance of bi-directional
neuronal-epithelial communication during organogenesis. As
such, the progenitors themselves establish a vital component
of the stem cell niche during organ formation.
Sproutys play a key role in restricting FGF signaling to allow for
proper development of a number of organs, including the inner
ear, lung, and spleen (Chai et al., 2000; Shim et al., 2005; Tang
et al., 2011). When Sproutys are deleted, cell differentiation
and/or organ morphogenesis are perturbed, such as in the inner
ear where loss of Spry2 results in a cell fate change that disrupts
the cytoarchitecture of the organ of Corti. FGF signaling is nor-
mally required for salivary gland organogenesis (Figure 2B), pro-
moting cell proliferation in the end buds to drive branching
morphogenesis (Entesarian et al., 2005; Steinberg et al., 2005).
We find that too much FGF signaling derails normal SMG devel-
opment in part by inhibiting gangliogenesis through loss of Wnt
expression by K5+ progenitors and in turn causes abnormal
ductal differentiation, depletion of progenitors, and aberrant
morphogenesis (Figures 1 and 2). Moreover, we show that
ErbB signaling regulates ductal cells by inducingWnt expression
in the epithelia, suggesting deletion of Sprouty 1 and 2 upsets theDevelobalance of FGF and ErbB3 signaling. Perturbation of ErbB
signaling by either deletion of EGFR in vivo (Ha¨a¨ra¨ et al., 2009)
or antibody inhibition of HBEGF and Nrg1 in culture reduces
SMG branching (Miyazaki et al., 2004; Umeda et al., 2001). Addi-
tionally, ductal differentiation occurs in the absence of ganglia by
autocrine HBEGF/ErbB signaling in the epithelium (Knox et al.,
2010). However, in previous reports on ErbB function, Wnt
signaling was not analyzed. Our data suggest that the balance
of FGF/ErbB signaling regulatesWnt expression andWnt ligands
act on neuronal cells to promote survival and proliferation. Given
survival and proliferation of the Schwann cell precursors that
form the PSG were shown to require Nrg1/ErbB signaling (Dya-
chuk et al., 2014), Wnt signals may also be involved in earlier
steps of gangliogenesis. Future studies are needed to determine
the involvement of the different ErbB receptors and their ligands,
as well as the balance of FGF and Wnt signaling pathways in the
development of epithelial-neuronal communication. In addition,
we cannot rule out the possibility that developing endothelial
cells may provide FGF, Wnt, and/or ErbB signals to both
neuronal and epithelial cells during SMG development.
In summary, we have defined an essential role for Spry1/2-
dependent Wnt signaling in neuronal survival, proliferation, and
parasympathetic gangliogenesis. Importantly, we also find that
a similar mechanism occurs in the pancreas. Further studies
exploring the innervation of the pancreas are required and may
have implications for type 2 diabetes where there is already a
connection between Wnt signaling and glucose metabolism (Li
et al., 2012). We suggest that localized manipulation of Wnt sig-
nals may provide a mechanism to promote gangliogenesis and
improve organ innervation for repair or regeneration of salivary
glands, the pancreas, or in the colon such as in Hirschsrpung’s
disease.
EXPERIMENTAL PROCEDURES
Mouse Strains and Gavage
All protocols involving mice were approved by the NIH Animal Care and Use
Committee. Mice carrying ACTB-cre (Lewandoski and Martin, 1997), Wnt1cre
(Danielian et al., 1998), Spry1 null and Spry1flox (Tang et al., 2011), Spry2 null
(Shim et al., 2005), Spry2flox (Shim et al., 2005), Fgf7 null (Guo et al., 1996),
Fgf10 null (Min et al., 1998), K5-Venus (Knox et al., 2010), and Axin2lacZ (Lustig
et al., 2002) alleles have been previously described. Spry1/;Spry2/ double
knockout embryos (Spry1/2DKO) were generated by crossing ACTB-cre;
Spry1+/;Spry2+/males to Spry1fl/fl;Spry2fl/fl females as previously described
(Tang et al., 2011). Wild-type embryos were obtained from timed pregnant fe-
male ICR (CD-1) outbred mice (Harlan). To generate the embryos used in this
study, timed matings were performed and the morning of the day a plug was
detected was considered day 0. TheWnt activator CT99021 (#S2924, Selleck-
chem) was administered by oral gavage to timed pregnant females on day 10
after detection of a plug as a single 200 ml dose per pregnant female at a con-
centration of 1 mg/ml in sunflower oil.
Immunostaining, Imaging, and Fluorescence Quantitation
All tissues were processed and imaged as whole mount specimens unless
otherwise noted. Tissues were blocked and immunostained as previously
described (Steinberg et al., 2005), with the modification that primary anti-
bodies were incubated overnight at 4C. Antibodies are listed in the Supple-
mental Experimental Procedures. Imaging was performed using a Zeiss
LSM 710 confocal microscope system. Z stack images were processed using
NIH/ImageJ or Volocity (Perkin Elmer). The PSG area, epithelial area, and num-
ber of axons were determined using ImageJ. The percentage of the PSG area
overlying the duct was calculated by dividing the PSG area over the duct by the
total PSG area.pmental Cell 32, 667–677, March 23, 2015 ª2015 Elsevier Inc. 675
Ex Vivo Cultures
E12.5 PSGswere isolated and cultured for 24 hr as previously described (Knox
et al., 2013). Mandibles were dissected from E11 embryos by isolating the
lower mandible and mechanically removing the tissue surrounding the tongue
and oral epithelium with fine forceps. Mandibles and SMGs were cultured in
serum-free media at 37C as previously described (Knox et al., 2010). A list
of the proteins and chemicals used are provided in the Supplemental Experi-
mental Procedures.
Microarray Analysis
Agilent microarray analysis (Agilent) was performed as described by the man-
ufacturer’s instructions. The array data are from the SGMAP Database (Sali-
vary Gland Molecular Anatomy Project, http://sgmap.nidcr.nih.gov/sgmap/
sgexp.html).
XGAL Staining
XGAL staining was performed as previously described (Patel et al., 2011). A
detailed protocol is provided in the Supplemental Experimental Procedures.
qPCR
RNA was isolated using an RNAqueous-Micro kit with DNase treatment (Am-
bion). cDNA was synthesized using the iScript cDNA Synthesis Kit (Biorad).
For real-time PCR, 1 ng of each cDNA was amplified with 40 cycles of 95C
for 10 s and 62C for 30 s. Gene expression was normalized to the house-
keeping gene, Rps29. We also used TaqMan low-density arrays where
gene expression was normalized to Rps18. Amplification of a single product
was confirmed by melt curve analysis and all reactions were run in triplicate.
Data were log transformed before all statistical analyses. Prism 6 software
(GraphPad) was used to perform one-way ANOVA with post hoc Dunnett’s
test to compare more than two experimental groups. For comparison of
two data sets, the Student’s t test was used to calculate p values in Micro-
soft Excel, with two-tailed tests and unequal variance. Graphs show the
mean ± SEM for each group from three or more experiments unless other-
wise noted.
Fluorescence-Activated Cell Sorting Analysis
E12-E13 SMGs from K5-venus embryos were dissociated as previously
described (Mulligan and Cheyette, 2012). Single cell suspensions were
incubated with a fluorescent-labeled CD326 antibody (BD Biosciences),
sorted based on CD326 and Venus expression on a BD FACSAria, and
processed for RNA isolation and qPCR as described above. Data were
normalized to Rps29, and fold change was calculated as the K5+ cell
expression level compared with the K5 cell expression level for each
gene.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
six figures, and one table and can be found with this article online at http://
dx.doi.org/10.1016/j.devcel.2015.01.023.
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